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Cusps of superconducting strings can serve as GRB en-
gines. A powerful beamed pulse of electromagnetic radiation
from a cusp produces a jet of accelerated particles, whose
propagation is terminated by the shock responsible for GRB.
A single free parameter, the string scale of symmetry break-
ing η ∼ 1 · 1014 GeV , successfully explains the typical val-
ues of GRB duration, fluence, the rate of bursts, as well as
the observed ranges of these quantities. The wiggles on the
string can drive the short-time structures of GRB. The model
predicts reoccurance of GRBs with a period of ∼ 20 yrs.
The cusp mechanism resolves also some problems of GRBs
as sources of Ultra High Energy Cosmic Rays.
Models of gamma ray bursts (GRBs) face the prob-
lem of explaining the tremendous energy released by the
central engine [1]. In the case of isotropic emission, the
total energy output should be as high as 4  1054 ergs.
Strongly beamed emission is needed for all known engine
models, such as mergers and hypernovae, but such ex-
treme beaming is dicult to arrange. In this paper we
show that emission of pulsed electromagnetic radiation
from cusps of superconducting cosmic strings naturally
solves this problem and explains the observational GRB
data using only one engine parameter.
Cosmic strings are linear defects that could be formed
at a symmetry breaking phase transition in the early uni-
verse [2]. Strings predicted in most grand unied mod-
els respond to external electromagnetic elds as thin su-
perconducting wires [3]. As they move through cosmic
magnetic elds, such strings develop electric currents.
Oscillating loops of superconducting string emit short
bursts of highly beamed electromagnetic radiation and
high-energy particles [4,5].
The idea that GRBs could be produced by supercon-
ducting strings was rst suggested by Babul, Paczynski
and Spergel [6] (BPS) and further explored by Paczynski
[7]. They assumed that the bursts originate at very high
redshifts (z  100−1000), with the string currents being
induced by a primordial magnetic eld.
As it stands, the BPS model does not agree with
observations. The observed GRB redshifts are in the
range z < 3, and the observed duration of the bursts
(10−2s <  < 103s) is signicantly longer than that pre-
dicted by the model. On the theoretical side, our un-
derstanding of cosmic string evolution has considerably
evolved since the BPS papers were written.
As in the BPS model we shall use the cusp of a super-
conducting string as the central engine in GRB. It pro-
vides the tremendous engine energy naturally beamed.
Other features of our model dier from BPS and allow
us to explain the GRB observations.
As it propagates in plasma, low-frequency electromag-
netic radiation from the cusp loses its energy accelerat-
ing the particles to very large Lorentz factors. Like the
initial electromagnetic pulse, these particles are beamed
and give rise to a hydrodynamical flow in the surround-
ing gas, terminated by a shock, as in the standard theory
of GRB [10] (for a review see [1]).
The string electric currents are induced by oscillation
of string loops in an external magnetic eld. Unlike BPS,
we do not postulate the existence of a strong primordial
magnetic eld, for which there is little observational ev-
idence. Instead, we use a more realistic model, in which
cosmic magnetic elds were generated in young galax-
ies (e.g., during the bright phase of their evolution [11])
and then dispersed by galactic winds in the intergalactic
medium. Our mechanism of GRB operates in galaxies,
clusters and superclusters of galaxies, and generally in
the sheets and laments dened by the large-scale struc-
ture. Thus, in contrast to the BPS model, GRBs origi-
nate at moderate redshifts. Finally, the string symmetry
breaking scale  will be the only string parameter used in
our calculations. This parameter is sucient to account
for all main GRB observational quantities: the duration
GRB, the rate of events _NGRB, and the fluence S (or the
total energy output E).
An alternative channel of producing GRBs by cusps
is through emission and subsequent decay of superheavy
particles. This channel is also eective, though model-
dependent. It depends on the masses of charge carriers
in superconducting strings and on their scattering cross-
sections. We shall discuss this mechanism in a subse-
quent publication [12]. Here we consider only electro-
magnetically driven GRBs.
We begin with a brief review of string properties and
evolution. Numerical simulations indicate that strings
evolve in a self-similar manner [8,9,13]. A horizon-size
volume at any time t contains a few long strings stretch-
ing across the volume and a large number of small closed
loops. The typical distance between long strings and
their characteristic curvature radius are both  t, but,
in addition, the strings have small-scale wiggles of wave-
length down to
1
l  t; (1)
with   1. The typical length of loops being chopped
o the long strings is comparable to the scale of the small-
est wiggles (1). The loops oscillate and lose their energy,
mostly by gravitational radiation. For a loop of invariant
length l [14], the oscillation period is Tl = l=2 and the
lifetime is l  l=kgG. Here, kg  50 is a numerical
coecient, G is Newton’s constant,   2 is the mass
per unit length of string, and  is the symmetry breaking
scale of strings.
The exact value of the parameter  in (1) is not known.
We shall assume, following [8], that  is determined by
the gravitational backreaction, so that
  kgG: (2)
In this case the loops decay within about a Hubble time
of their formation, the typical length of loops at time t
is l  t, and their number density is given by [2]
nl(t)  −1t−3: (3)
An electric eld E applied along a superconducting
string generates an electric current. A superconducting
loop of string oscillating in a magnetic eld B acts as an
ac generator and develops an ac current of amplitude
J0  e2Bl: (4)
The local value of the current in the loop can be greatly
enhanced in near-cusp regions where, for a short period of
time, the string reaches a speed very close to the speed
of light. Cusps tend to be formed a few times during
each oscillation period. Near a cusp, the string gets con-
tracted by a large factor, its rest energy being turned into
kinetic energy. The density of charge carriers, and thus
the current, are enhanced by the same factor. The con-
traction factor increases as one approaches the point of
the cusp. For a string segment of invariant length l  l
centered at the cusp, the maximum contraction factor is
 l=l, resulting in a Lorentz factor γ  l=l and current
J  γJ0. The actual (geometric) length of the segment
in its rest frame is lr  l=γ  l=γ2, and this maximum
contraction is sustained for a time interval tr  lr (in
the same frame).
The growth of electric current near the cusp due to
string contraction is terminated at a critical value Jmax
when the energy of charge carriers becomes comparable
to that of the string itself, (J=e)2  . This gives Jmax
and γmax as
Jmax  e; γmax  (e=J0): (5)
Alternatively, the cusp development can be terminated
by small-scale wiggles on the string [15]. If the wiggles
contribute a fraction   1 to the total energy of the
string, then the maximum Lorentz factor is less than (5),
and is given by γmax  −1/2. The actual value of γmax
is not important for most of the following discussion.
Due to the large current, the cusp produces a powerful
pulse of electromagnetic radiation. The total energy of
the pulse is given by [4,5] Etotem  2kemJ0Jmaxl, where l 
t is the length of the loop, and the coecient kem  10
is taken from numerical calculations [4]. This radiation
is emitted within a very narrow cone of openening angle
min  1=γmax. The angular distribution of radiated
energy at larger angles is given by dEem=dΩ  1=3 [4].
The radiation emitted between angles  and 2 is
Eem  kemJ20 l=; (6)
We shall now specify our assumptions about cosmic
magnetic elds. We shall assume that magnetic elds
were generated in early galaxies by dynamo action at
some z  zB. A natural possibility is the bright phase
of galaxy evolution [11]. The fast evolution of the rst
generation massive stars is terminated by their fragmen-
tation and by supernova explosions. Large equipartition
magnetic elds and powerful galactic winds are expected
to be produced in these violent processes [16]. The re-
duced distance between galaxies at moderately high red-
shifts facilitates spreading of the magnetic elds through-
out the intergalactic space. We shall assume that the
magnetic eld remains frozen in the plasma, so that
B(z) = B0(1 + z)2; (7)
where B0 is the characteristic eld strength at the present
time. Eq.(7) applies for 0 < z < zB. For the fraction of
the total volume occupied by magnetized plasma we shall
use fJ  0:1 (fJ also gives the fraction of loops which
develop a current). For numerical estimates below we
shall use the values B0  10−7 G and zB  4.
We shall now estimate the physical quantities charac-
terizing GRBs powered by superconducting string cusps.
The energy output to be observed in a GRB, recalculated
for isotropic emission, is for redshift z
Eiso  Eem=fB  4keme43t30B20(1 + z)−1/2−3; (8)
where fB = 2=4 is the beaming factor,  is the angle
between the string velocity at the cusp and the direction
from the cusp to the observer, and t0 is the present age
of the Universe. The Lorentz factor of the relevant string
segment near the cusp is γ  1=. The duration of the
cusp event as seen by a distant observer is [6]
c  (1 + z)(t=2)3  12t0(1 + z)
−1/2=γ3: (9)
One can expect that the observed duration of GRB is
GRB  c. This expectation will be justied by the
hydrodynamical analysis below.
The fluence, dened as the total energy per unit area
of the detector, is [7]
2
S  (1 + z)Eiso=4d2L(z); (10)
where dL(z) = 3t0(1 + z)1/2[(1 + z)1/2 − 1] is the lumi-
nosity distance and we have assumed for simplicity that
the universe is spatially flat and is dominated by non-
relativistic matter.
The rate of GRBs originating at cusps in the redshift
interval dz and seen at an angle  in the interval d is
given by
d _NGRB  fJ  12d(1 + z)
−1(z)dV (z): (11)
Here, (t)  nl(t)=Tl  2−2t−4 is the number of cusp
events per unit spacetime volume, Tl  t=2 is the oscil-
lation period of a loop, dV = 54t30[(1 + z)
1/2 − 1]2(1 +
z)−11/2dz is the proper volume between redshifts z and
z + dz, and we have used the relation dt0 = (1 + z)dt.
Since dierent cusp events originate at dierent red-
shifts and are seen at dierent angles, our model auto-
matically gives a distribution of durations and fluences
of GRBs. The angle  is related to the Lorentz factor of
the relevant portion of the string as   1=γ, and from
Eqs.(8),(10) we have
γ(z; S)  γ0−1−8S1/3−8 B−2/3−7 [(
p
1 + z − 1)2p1 + z]1/3:
(12)
Here, γ0  190; −8 = =10−8, and the fluence S
and the magnetic eld B0 are expressed as S = S−8 
10−8 erg=cm2 and B = B−7  10−7 G.
Very large values of γ  γmax, which correspond (for
a given redshift) to largest fluences, may not be seen at
all because the radiation is emitted into a too narrow
solid angle and the observed rates of these events are too
small.
The minimum value γ(z; Smin) is determined by
the smallest fluence that is observed, Smin  2 
10−8 erg=cm2. Another limit on γ, which dominates at
small z follows from the condition of compactness and is
given by γ > 100 [17].
The total rate of GRBs with fluence larger than S
is obtained by integrating Eq.(11) over z and over 
from γ−1max to γ
−1(z; S). For relatively small fluences,
S−8 < Sc = 0:3(γmax−8=γ0)3B2−7, the lower limit of
-integration can be replaced by 0, and we obtain
_NGRB(> S)  fJ22t40
∫ zB
0
dV (z)(1 + z)5γ−2(z; S)
 3:3  102S−2/3−8 B4/3−7 yr−1: (13)
Remarkably, this rate does not depend on any string pa-
rameters and is determined (for a given value of S) al-
most entirely by the magnetic eld B0. The predicted
slope _NGRB(> S) / S−2/3 is in a reasonable agreement
with the observed one _Nobs(> S) / S−0.55 at relatively
small fluences [18].
For large fluences S−8 > Sc integration of Eq.(11) gives
_NGRB(> S) / S−3/2. Observationally, the transition to
this regime occurs at S−8  102 − 103. This can be
accounted for if the cusp development is terminated by
small-scale wiggles with fractional energy in the wiggles
  10−62−8B4/3−7 . Alternatively, if γmax is determined
by the back-reaction of the charge carriers, Eq.(5), then
the regime (13) holds for larger S−8, and observed steep-
ening of the distribution at large S can be due to the
reduced eciency of BATSE to detection of short bursts.
Indeed, most of the bursts in the distribution (13) origi-
nate at z  zB, and the ones with large S correspond to
small GRB (see Eq.(14) below).
The duration of a GRBs originating at redshift z and








1 + z − 1)−2 s (14)
Estimated from Eq.(9), maxGRB  103−8 s, while from
Eq.(14) using Smax  1  10−5 erg=cm2 and z  zB  4,
one obtains minGRB  34−8B2−7 ms. This range of GRB
agrees with observations.
The best t for the GRB rate, fluence, duration and
for the predicted ranges of these quantities corresponds
to −8 = 0:4 (i.e.  = 1:1  1014 GeV ) and B−7 = 2.
A few remarks are now in order. (i) Small-scale wiggles
on the string can naturally produce short-time variation
in GRBs. (ii) The cusps reappear on a loop, producing
nearly identical GRBs with a period Tl  t0=2  20 yr.
This is a testable prediction of our model. (iii)The loop
distribution (3) is based on a simplied model of string
evolution, which does not take into account the fragmen-
tation of loops in the process of their decay. Therefore,
we expect some corrections to the estimates made above.
Let us now turn to the hydrodynamical phenomena in
which the gamma radiation of the burst is actually gen-
erated. The low-frequency electromagnetic pulse inter-
acting with surrounding gas produces an ultrarelativistic
beam of accelerated particles. This is the dominant chan-
nel of energy loss by the pulse. The beam of high energy
particles pushes the gas with the frozen magnetic eld
ahead of it, producing an external shock in surrounding
plasma and a reverse shock in the beam material, as in
the case of \ordinary" reball (for a review see [17,1]).
The dierence is that the beam propagates with a very
large Lorentz factor γp >> γc where γc is the Lorentz
factor of the cusp and γp is the mean Lorentz factor of
accelerated particles. (The precise value of γp is not im-
portant for this discussion; it will be estimated in a sub-
sequent publication [12].) Another dierence is that the
beam propagates in a very low-density gas. The beam
can be regarded as a narrow shell of relativistic particles
of width   l=2γ3c in the observer’s frame.
The gamma radiation of the burst is produced as syn-
chrotron radiation of electrons accelerated by external
3
and reverse shocks. Naively, the duration of synchrotron
radiation, i.e. GRB, is determined by the thickness of the
shell as GRB  . This is conrmed by a more detailed
analysis, as follows. The reverse shock in our case is ul-
trarelativistic [19,17]. The neccessary condition for that,
B=g < γ
2
p, is satised with a wide margin (here B is
the baryon density in the beam and g is the density of
unperturbed gas). In this case, the shock dynamics and
the GRB duration are determined by two hydrodynam-
ical parameters [17]. They are the thickness of the shell
 and the Sedov length, dened as the distance travelled
by the shell when the mass of the snow-ploughed gas be-
comes comparable to the initial energy of the beam. The
latter is given by lSed  (Eiso=g)1/3.
The reverse shock enters the shell and, as it propa-
gates there, it strongly decelerates the shell. The syn-
chrotron radiation occurs mainly in the shocked regions
of the shell and of the external plasma. The surface sep-
arating these two regions, the contact discontinuity (CD)
surface, propagates with the same velocity as the shocked
plasma, where the GRB radiation is produced.
The synchrotron radiation ceases when the reverse
shock reaches the inner boundary of the shell. This oc-
curs at a distance R∆  l3/4Sed1/4 when the Lorentz fac-
tor of the CD surface is γCD  (lSed=)3/8 . Note that
these values do not depend on the Lorentz factor of the
beam γp and are determined by the cusp Lorentz factor
γc through lSed and . The size of the synchrotron emit-
ting region is of the order R∆, and the Lorentz factor of
this region is equal to γCD. Thus, the duration of GRB
is given by
GRB  R∆=2γ2CD  l=2γ3c ; (15)
i.e. it is equal to the duration of the cusp event given by
Eq.(9). The energy that goes into synchrotron radiation
is comparable to the energy of the electromagnetic pulse.
GRBs have been suggested as possible sources of the
observed ultrahigh-energy cosmic rays (UHECR) [20{22].
This idea encounters two diculties. (i) If GRBs are
hosted by galaxies, the sources of UHECR are distributed
uniformly in the Universe and such distribution is a
classical case of Greisen-Zatsepin-Kuzmin (GZK) cuto.
However, this cuto is absent in UHE particle spectra.
(ii) The acceleration by an ultrarelativistic shock is pos-
sible only in the one-loop regime (i.e. due to a single
reflection from the shock) [23]. For a standard GRB
with a Lorentz factor γsh  300 it results in the max-
imum energy Emax  γ2shmp  1014 eV , far too low for
UHECR.
Our model resolves both of these diculties.
If the magnetic eld in the Local Supercluster (LS) is
considerably stronger than it is outside, then the cusps in
LS are more powerful sources of UHECR, and the GZK
cuto is less pronounced.
The maximum Lorentz factor at the cusp reaches
γcusp = 6  107, Eq.(5), and the maximum energy pro-
duced in one-loop acceleration is Emax  1024 eV . Par-
ticles with these energies propagate rectilinearly and gen-
erally are not seen, while particles with E < 1020 eV are
deflected by magnetic elds in the halo and can be ob-
served.
Further details of UHECR production in this model
will be given elsewhere [12].
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